Introduction
Generally, sulfur is known as an element that increases the hot cracking sensitivity of welds; therefore, sulfur content in steel plates and welding consumables are controlled to be as low as possible. On the other hand, sulfur is also known as one of the elements that reduce the surface tension of the molten iron 1) . In this research, focusing on the characteristics of sulfur, an innovative welding wire for thin plate welding has been developed by significantly reducing the surface tension of the molten pool to improve its flowing characteristics.
Elements for reducing molten metal's surface tension Oxygen vs. Sulfur
Oxygen and sulfur are known as elements that significantly reduce the surface tension of the molten iron and improve the flowing characteristics of the molten pool 1) . Oxygen can be added into the weld metal through a shielding gas; however, in this case, oxygen has the disadvantage of increasing spatter because the arc is constricted and made unstable by the cooling action of the endothermal reaction induced by the thermal decomposition of oxygen molecules. In addition, oxygen reacts with silicon and manganese contained in the base metal and the welding wire due to its high affinity with such alloying elements; as a result, the slag consisting of silicon oxide (SiO 2 ) and manganese oxide (MnO) increases. The slag remained on the surface of the weld bead degrades the appearance and the paint adhesiveness of the bead in the postweld painting process. The addition of oxygen into the weld metal through the wire is difficult when the amount of oxygen exceeds a certain level, and hence the flowing characteristics of the molten pool cannot be improved sufficiently.
By contrast, different from oxygen, sulfur is less likely to become slag, does not deteriorate the appearance and the paint adhesiveness of the weld bead, and does not affect the arc characteristics. Also the addition of a certain amount of sulfur causes no problem for smelting and drawing wires in the manufacturing process. As known in common, free-cutting steels that contain considerable amounts of sulfur are manufactured in commercial scale.
As discussed above, the addition of sulfur does not have such disadvantages as those with the addition of oxygen, and hence it can be expected to obtain preferable effects. On the other hand, sulfur is known as an element that increases the hot cracking sensitivity 2) , and sulfur is considered to be an impurity in the welding field;
therefore, an intentional addition of sulfur in a welding wire has never been attempted before. In this research, the authors have developed the new chemical composition of the welding wire, based on the findings as to the way to control the drawback of high hot cracking sensitivity encountered by the addition of a high amount of sulfur, which will be described in detail later.
Effect of improving molten pool's flowing characteristics (I)
Expansion of bead width 3.1 Sulfur content in wire vs. bead width Figure 1 shows the relation between bead width, throat thickness, and sulfur content in the testing wires, and Photo. 1
shows the bead appearance and cross sectional profile of the welds. The sulfur content of the testing wires was changed from by Yu UMEHARA , Reiichi SUZUKI and Toshihiko NAKANO
As sulfur content increases in weld metals, hot cracking is likely to occur. Therefore, to prevent hot cracking, the sulfur content of the welding consumables is controlled to be as low as possible in general. On the other hand, sulfur can considerably reduce the surface tension of the molten iron. Utilizing the latter characteristics of sulfur, the authors have succeeded in the development of an innovative gas metal arc (GMA) welding wire that contains a higher amount of sulfur as compared with conventional wires and possesses the flowing characteristics of the molten pool more suitable for thin steel plate welding. It has also been found through this research that the hot crack resistance of the weld metal degraded by increasing sulfur can be canceled by decreasing the carbon content of the wire to a substantially low level. The newly developed wire offers the following advantages over conventional solid wires: (1) wider and more consistent bead shape, (2) less undercut at higher welding speeds, (3) easier setting of the welding conditions due to wider tolerability to voltage fluctuations, and (4) excellent paint adhesiveness due to less slag generation.
0.01 to 0.08%. The wires were tested at a high welding speed (140 cm/min) which could cause narrow and convex beads. As shown in photo. 1, the conventional wire containing 0.01% sulfur exhibits a snakelike bead with local humps affected by the surface tension of the molten pool. In contrast to this, as the sulfur content of the wire increases, the bead shape tends to become more consistent with wider and flatter appearance (with smaller throat thickness) due to the lower surface tension of the molten pool. This tendency of bead shape becomes significant with the wire containing 0.05% or higher sulfur. That is, the wires with the sulfur content higher than the sulfur requirement (0.03% or less) of the JIS standard (JIS Z3312) for conventional wires have made acceptable appearance beads. By contrast, the high sulfur wire produces preferable beads without undercut at all the voltages tested. The reason for this can be considered in such a way that the molten base metal area can be filled sufficiently with the molten pool having better fluidity, with the absence of undercut. In high speed welding, wider weld beads are more beneficial to preventing insufficient bead width, wire target deviation, and undercut. So the high sulfur wire can contribute to speeding up in welding and reduction of weld repair.
Arc voltage vs. bead width and undercut

Balance of forces acting on molten pool and expansion of bead width
The mechanism of improving the bead formation with the high sulfur wire is discussed in the following in relation to welding positions.
It is empirically known that bead shape becomes flatter in the downward position on an inclined steel plate rather than in the flat position. This is because the balance of forces acting on the molten pool changes. The main forces acting on a molten pool are (1) arc force (nearly equal to plasma force), (2) surface tension, and (3) the force of gravity. Figure 3 shows schematically the balance of forces acting on a molten pool. The arc force and surface tension push the molten pool upward to shape it into a semi-sphere, and the force of gravity acts to make the molten pool flatter. In flat welding, the effect of the force of UMEHARA et al.: The innovative GMA wire improving the flow direction of molten pool 164s gravity is relatively small and the molten pool is pushed upward by the arc force and is likely to be shaped into convex by the surface tension until it solidifies. In high speed welding with high welding current, the molten pool is pushed upward to a larger extent by the high arc force, thereby causing a convex bead. Also, when the molten pool pushed upward cannot be released from the arc force before it solidifies, undercut is likely to occur. By contrast, in the downward welding position, the effect of the force of gravity becomes bigger, and thus the molten pool tends to be pushed downward; as a result, the weld bead becomes flatter and wider, and undercut can be prevented.
The phenomenon of bead expansion with the high sulfur wire can be explained in such a way that the balance of forces acting on the molten pool in downward welding is realized in the flat position.
That is, even when the molten pool is pushed upward by the arc force, its shape cannot be maintained because the surface tension is low, and thus the molten pool is pushed downward by the force of gravity to become flat with good wettability onto the base metal. In the car and electric appliance industries, thin steel plates are welded and then often painted to protect the products from corrosion. In this case, if slag detaches from the welds after painting, it will cause a painting defect. The reduction of slag area provided by the high sulfur wire can prevent the painting defect and reduce the work for removing slag to minimize the painting defect. That is, this wire is beneficial to reducing the production costs and improving the weld quality.
Molten pool's flowing characteristics vs. slag formationof bead width
To research the mechanism of slag formation with the high sulfur wire in comparison with a conventional wire, the movement of slag on the molten pool was observed by a high speed camera.
Photo. 4 shows the continuous photos of molten pool at 40 msec. Photo. 3 Comparison of slag formation in bead-on-plate welding. 
Measures to improve hot crack resistance
As described above, a high amount of sulfur was added in ; that is, the higher the weld configuration ratio (P/W), the higher the hot cracking sensitivity 3) . To develop the high sulfur wire for practical applications, the drawback of high sensitivity to hot cracking had to be canceled in consideration of the above-mentioned factors.
Testing procedures
In the welding of thin steel plates which feature low restraining stresses and small weld configuration ratios, the hot cracking sensitivity of the weld metal is generally low as compared with thick steel plates. To create a severer testing condition, an accelerated cracking test was conducted, in which 40-mm thick narrow groove joints were used. As shown in Figure   6 (a), welding was conducted back and forth continuously without interrupting the arc for specified testing layers. With this procedure, a high weld configuration ratio (P/W) could be obtained at the longitudinal edge of the weld bead, and thereby hot cracking sensitivity was increased considerably. Photo. 5
shows a typical macrostructure of the cross section of the edge of the weld bead with high weld configuration ratio (P/W).
The Line-1 in Figure 7 shows the relationship between the sulfur content of the testing wires and the hot crack ratio of the weld metals, which illustrates that the hot crack ratio increases with an increase in the sulfur content of the wire. The minimum sulfur content of the wire was 0.05% to obtain the aforementioned intended flowing characteristics of the molten pool. It has been confirmed that the conventional wires having a common chemical composition and intentionally added high amounts of sulfur produce weld metals with high crack ratios from 11 to 20% which are higher than those with the conventional wire containing
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Examination of improving crack resistance (1)
It is well known that the high hot cracking sensitivity caused by sulfur can be improved with an addition of manganese 4) . It is believed that manganese-sulfide (MnS) with high melting point is formed, and thereby the formation of low melting point liquid film is prevented at the last stage of the solidification. On the other hand, manganese has high affinity with oxygen, hence consumes oxygen in the molten pool and thereby increases the surface tension of the molten pool, canceling the effect of sulfur on improving the flowing characteristics of the molten pool. In addition, manganese is a slag forming element; hence excessive addition causes a mass of slag on the bead surface. As described in Section 4.1, one of the features of the high sulfur wire is the reduction of slag on the bead surface as compared with conventional wires; this feature will be negated by addition of manganese.
Examination of improving crack resistance (2)
From several examination results, the authors have finally come to the conclusion of reducing the carbon content of the high sulfur wire to improve the hot crack resistance of the weld metal. Furthermore, the reduction of carbon content has no such a negative effect as increasing the mass of slag.
As discussed above, the authors have noted carbon which, like sulfur, is considered to induce hot cracking in weld metals and have reduced the carbon content of the high sulfur wire to a lower level than that of conventional wires to realize the same hot crack resistance of the welds with the high sulfur wire as with conventional wires.
Mechanical properties of deposited metal
The mechanical properties of the all deposited metal made with the low-carbon high-sulfur wire developed in this research are shown in Table 1 . Comparing with the conventional wire, the tensile strength and toughness of the all deposited metal with the new wire are slightly lower than those with the conventional wire; however, they are sufficient for welding thin steel plates of 490 N/mm 2 class.
Conclusions
The authors have found through this research that the intentional addition of sulfur in solid wires improves the flowing characteristics of the molten pool to a great extent so as to change the balance of such forces as the arc force and the force of gravity acting on the molten pool and that the newly developed wire offers wider bead width with better wettability and less slag.
Also, the authors have confirmed that the degraded hot crack resistance due to high sulfur addition can be improved sufficiently by a metallurgical approach of reducing the carbon content of the wire. An intentional addition of high amount of sulfur in steels for welding consumables has never been tried before except for 
